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be made to seem as though they were random. a substantial
iJnpnMment would result.

D. An Example ofa Tem!stritJl System
Having the Desired Properties

We now present the outline of a tetrestrial broadcasting
system that is ""ideal" in the sense that it is intended to
meet the requirements previously discussed. It uses some
of the b!dmiques that were mentioned earlier and is suitable
for use eitbec with a centralized transmitter or in a single
frequency Detwodc. The latter gives the highest posst1>le
spectIUm efficiency; the f.lmer gives spectrum efficiency
at least as good as the' all-digital schemes. It features
multiresolution combined soun:e and channe) coding. As a
result. it supports a good transition scenario and makes pos
sible the manufacture of relatively inexpensive receivers for
either configuI:adon of tnmsmitters. Coverage is extended
at the lowest performance level and very high resolution is
achieved in regions of high signal strength. Interoperability
is good.. as~ signal can easily be decoded at a number
of petfomumce levels, the lower levels requiring simpler
decoders. Simpler encoders can be used when broadcasting
loMr'-resoIution material, such as upconverted NTSC, in
wbic:h case CO'Ya'age is further extendcd. Hybrid ana
log1digital1l1mslDissioll is used along with a combination
of .... tpedIUm and COFDM for hish efficiency and
sood mnJIipIth performance. DJaita1 data is subjcctcd to
a lJO"iafal forwanlerror~process. An all-digital
version is available for "app1icatioos that require it.

The particuJar system under simulation bas a maximum
reso1ntion of 768 x 1280 x 60 fps J?I'08R'Ssively scanned.
'lbea:e are tbnle levels of quality.~le at different
receiverC'.NR's, as shown in Table 1. This system is meant
to be an example of what can be done with the methods
used, and is not a presaiption for the best possible -scheme
for any particular application, although it is thought to be
reasonable for use in the US with 6-MHz channels. Fig. 5
shows sample frames at the three levels of resolution_ The.<;("
frames are from a coded se~lUencc with a good del', (>1

motion.

I) SOU Ii"<' Coding. A. pyralll1d ~·;chcl11e a, ill hr
1I',cd :\ hil'hlevel blod <li;l)'!;l!'1 "l o!le level of Ii'< '<\

is shown in FIg. 6. It is clear that the system is closely
related to MPBG. The input signal to die c:oda.- is the
difference between the filteted original and the image as
reconstructed by the receiver from the lower levels, if any.
A low-pass filter picks out the portion of the difference
signal to be coded. The resulting signal is downconverted
and the predicted frame at the same 1eYel is subUacted.
The prediction error is subjected to a wa\ldet transform
(any other transform might be used) 'and the coefficients
to be retained are then adaptively selected The selected
coefficients are transmitted as analog samples and the
adaptive selection information is transmitted digitally,33
using less than one bit/sample.

The predicted frame consists of the pmrious frame plus a
motion-compensated coded version of the predicted cbange
from the last frame to the current frame. Fig. 6 shows
the motion estimation being performed by comparing the
CUtmlt frame with the reconstrueted previous frame at
this coding level In all likelihood, the final system will
calculate the motion vectors diR:ctly from the original
high-resolution video. using an incremental scheme for
the motion information required at each leveL Fmally, the
reconstructed frame is upconverted and subtracted from the
input signal to form the input signal for tile DCXt leveL The
decoder at the receiver consists of the elements within the
dotk:d lines.

The lowest level ofdiepyramid.:_MPBG-2 codiD& and
all-digita1 ttaDsmission at a SlOSS data rateof-.10Mbls,
including' audio•.forward aror c:oaeclioG, aDd IAdDary
data. The net comlCted video data rate is lO'JItAbing less
than 4 Mbls. MPBG coding pemUts advantage to be taken
of available chips. In the simplest~ver.the entiIe source
decoder would consist of a single such chip. The higher
levels of the coder generate analog coefficient amplitudes,

33This meaDS that the amplitude and ideotification of the c:oefficients
are not j<>intly coded, as in MPEG, and that the cond.ation~ these
two values is not fully exploited in the oompressioa scheme. Much of this
apparent correlation is related to the fact that the selected coefficients are
larger and more numerous at lower spatial frequencies and smaller and less
numerouo, at higher. spatial frequencies. The sparsity of bigher~frequency

(I )o(~'; IKH.-".nt", I', hc,av\ly cxploit.e.d in the vector coder used to transmit th{'
l,kntif1c;Hloll of (he Sl?lccte.d o;~fhci('nts -111(' overall (:-Jr,clcncy of ()·dlnp

'-{K'fil1 lcnl in~.(Hll\;Hioll i~ ;~1 l~·;-l.<-.t ;I', h1f,h as in f\1Pf;{;' <



};'ig.5 l11cse three pictures are 01 a single tralnc in a s,equencc \l.'11h f'0<"-;i ,1( d <II l11'ltlOlI. pICKhK' Ii with the ~ level system describ"e,d In SC<-~(l<)n VIII
rnwy 3ft'. the low-, mcdiu111-. and high-lesolul101l vCl:;jions wnh!lw p;U;lillC! l'i'I.1I,j( i /'.11 three pictUICc., dll' ~.;nHw\.\'k,t H'_dlh/'d I,n rcso[uti(ll\

by the printing pnKx"'Ss. 111 order to ~h()vv' (\h' lIll<' rc<.,()\ution n)O[(' Iki 111\ 11\: P< 'I (',1 1;11'11 piet11lC \~ \', !wen c:lILtq't"d l\~(' ';\1lW ',\/l'

1)c!cr:l 111;lt llL~\, \K~ }ltCSClll III 1!iC",i' 1":1.11 p:,II\1('\ ;\11' \ll'-J~II"C (,l) fl.l1l\f";'"
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Fig. 6. OM Lnd of the Pyramid SoUlU CotkrlDuxJtkr. The video data for the current frame that was not coded It lower levels is processed by a
Jow-pus filler, poYiding the data <a) to be coded It Ibis level.The predicted current frame (b) is then subtracted from the LPF ClUlpUL The resultant
predil:CioIl error (e) ( the "residual") is subjected to • _velct ttaDsfonn (any other ttaDsform could be used) and the "'importaat' cocfticicats thea sclected
in a qaadty IlIdl as DOt to ClU:eed the allowed transmission c:apIlCity. wbic:h is 2.S Msamplesls each for levels 2 and 3. Motion vedOIS are estimated
by ClIIIIpIriDa the acmiJ.c:iumJt flame widl tbe,nlCODItnJC:tCd prnioas flame (f) in the mo«ioa estimator. (Motion c:stimItioD c:ID be perfcJnDccl in many
dift'_ wayL) Moci<iD. w:ctors plus coc:fIicieat scleaioD data go to the digital iDput of the dwme1 coder. while sdcctiecI nasf'exm coeftic:icats go tQ

the IDI10c iaput. Complete~ foe each Je"d, usiag .. method identical to that of the teceiver~ is required It the cacodcr iD order to produce the
leCOIIIIl1ICled pre\'ioaI flame ald. from it, tbe predic:ted cunmt fiame., usiDg motioo-eolllrenslted prediction. The~ c:um:at flame (e), which ,
is p:oduced by .sdiIlg the~ pedictiao error (d) to the prcdic:ced CUIm1t flame (b),is subcIacted from the signal from the previous le~ to
prodace the dIU for the DCllt,le~ if ased. For~ putpOSC$ of dIis exp1anltiol1, it is assumed !bit there is DO delay in lAy module Cllc:ept the delay
module and the motion-compensated predictor, Physical imRlementation as a pipeline processor JeqUires additional delay modules.

~}4\Ve c.annot, of cour:-;c, expect to n~cf':lvc,O MhJs wlt.h a u~;abh.' ~·,nLJJ

cnor rate except al very flirh ('NRln ordel for lfelll~. (OdlClf, I( h: v(

:\ lllf'.h ('()(:Enf. 1~:~111 at ~i P,IIhCl1!;ll Ct<p lh(' cqut\';dcn: r;1\'· ("II'; ii,

":!l;ll I' '-,('1)1 Ifl rbt' ,-11;n)~'('1 Illl)';,1 \. !,ir':

digital coefficient selection data. digital motion vectors, identical error<orrection systems, each consisting of an
and ancillary data, together with additional audio data. if outer (rate .8) Reed-Solomon coder and an inner (rate .5)

desired. trellis coder. TIle output of each of the systems is a four-
Embellishments as used in MPEG and similar systems level (2 bits/sample) stream at 5 Msymbolsls. The three

may. of course, be used here as well. For example. predic- outputs are combined to produce a 64-level signal that
tion can be bidirectional (at the cost of additional storage) determines the angle o( the constellation Point.
the better to deal with newly R:vealed areas. a decision This parti~ constellation is used because it allows
betweeIl inter- and intratiame coding can be made on a nearly independent decoding of analog and digital data.
frame.by:frline or' block-by-b1oc?k 'basis. and me coding For the lowest level., with a~ cIisital cJaIa me of 10
can be~ to'the ftamc "niteof. the ~!"J. as f~ MbIs andanet ecror-correcteddaia Ate ofOGly 4 MbIs. the
24-fps film (35].~.~dJaa&es. the~ error IS ". cooste1Jatioo 100b 1ike,;4-QAM or 4-PSK, and is~ easy
Da!UrI1lymuch 1alger'tbIn.tor.~!"'O"" ~:~ ~ . :to deiCodC:In addltiOn. it is quite robUst in the presence of
cbaDges,~,be spreadout~~ frames,,to.mtmmJ~: ~~•• :'''phase noise.lt shOuld faclIiiate'1fle design Of less expensive
the peak~rate'?fcourse, scene:~es can be flagged. - receivers~<..~;:· .":><., c',C.>:',,' '

2)~lCoding:1be tran..e:m.tsS100 uses the constella- The chann I coder . ho . Pi 8 The tw streams f
• hown' Pi 7 I • unm 64-PSK scheme e IS s wn m tg. . 0 0

tlon sm Ig.• tIS a non orm " anal data fro" I lstw andthree fthe 'dcod
with 5 'Msymbolsls, for a gross data I3te of 30 Mbls34 og m eve 0 • 0 pyranu. er,
and a net error-free data rate of about 12 Mb/s.Digital each of about 2.5 Msls, are Weighted. added, and mput to
data sets the angle of the constellation point, and analog the spread-spectrum modulator (SSM). The output of the
data (aetualIya constantplus the bidi.rectional coefficient SSM is an ~alog.datas~ a~ 5 Msamplesls in which
pulse stream at 5 Msamplf'.s's) sets the amplitude. "I11rt'e each ~ple 1S a lInear ~mbmau.on of ~ large number of
digital streams, each of 4 Mbls, are fed into the thn< succeSSIVe analog coeffinents, weIghted m such a way that

the coefficients of level 2 are recoverable at a lower CNR
Ihan rho,c of level 3, and thaI the relative SNR of the
" co\'cred ,'odllcicnts 1\ OpllflJUm according to their \patial
t''ll/'!i( 'Iii,' 111",c ~;ln';ll1I~. oj digital (1;;1;\ arc pnl<:cs:;cd



r

JlIc. 1. ne~ This is the hybrid ooostelladon to be
ated by die .".rem. DiIiW data moduJltCS 1be aogle to give
IICIGUIIifanD 64-PSK with 8bout 10-12 dB between levels. The
amplitacIe is •~ plus • function of 1be ualog transfoml
~ after~ prooessiDg. The leIlgtbs of the
lines~ proportiaaal to the nns value of the lIDI10g signals.

by the FEe as pn:viously described. and then combined
with the output of the SSM to form a complex hybrid
symbolstream at 5 Msymbolsls. The latter is input to the
COFDM processor, which produces a baseband version of
the signal for input to the transmitter [36].

The conesponding receiver is shown in Fig. 9. The
receiver generates the modulated signal at baseband. cor
rupted by noise and frequency distortion in the channel. The
COFDM demodulator p~tt&s a version of the complex
hybrid symbol stream. and the properties of the channel
(gain. phase. and CNR for each carriec) are~ on a
continuing basis. The amplitude of the demodulated signal
is passed to the.sprea<1-spectrum demodulator (SSD) along
with the chann~l estimate to produce the coefficients for
levels 2 and 3. The phase of the demodula~ signal is
passed to the demultipl~xer. which also makes use of the
channel estimates, and is then separated into the three
original streams. These are decoded by the error-correction
decoders; again using the channel estimates. The recovered
analog aDd digital signals are nsed in the pyramid decoder
to geoenIe the several levels of the '¥ideo signal

'IWo~ performance measures for the digital part of the
system ale shown in Fig. 10. The DBR of each of the three
data sttams. as a function of the CNR. in a cbanne1 perfect
except for 00isc. is depicted by the solid lines, usiDg die
left-hand scale. Notice that the thresholds are separated by
10 to 12dB. As expected, the performance of each stream
is not as good as if that stream had been transmi~ by

. itself, and the performance of. all three is limited by the
analog data that was added to the digital data. The weighted
average SNR of the recovered analog information of the
upper two levels is shown in the right-hand scale. NOH'

that the two forms of data are nearly independent, sine<'
the phase and amplitude can be decoded separately, TIl<'
added analog dat3 has some effect on the RER, as do{,,; th,

channel noise.
Note th::t the thresholds (0\ the three levels ofqua III I' ;",

;;\hHrt C, 1"7 ;\11d)') dB, wh,'!' 1\;I!i'.'1I'II"d;iI illl1 J(''oo]"ll' i

When transmitting at the lowest resolution only. as for
upconverted NTSC, simple 4-PSK is used and the threshold
is about 3.2 dB. When transmitting the two lowest levels
only, the thresholds are about 5.5 and 15.5 dB.

The dotted lines in Fig. 10 show the performance of both
the digital and the analog transmissions in the presence of
of echoes. The particular collection of echoes nsed was
one of those used by ATI'C in their recent tests of the all
digital systems-4he one we judged to be most difficult.
Comparison with the solid lines permits an assessment of
the degradation of threshold caused by multipath. Note that
the quantification of the relative performance of single
and multiple-<:arrier modulation systems in the presence of
multipath is a question that has generated a certain amount
of controversy. This measurement is the start of an attempt
to answer that question in an empirical manner. The echo
results are preliminary.

3) AU-Digital Version: For changing this scheme to all
digital, while preserving the maximum similarity so as
to enhance interoperability between the digital and hybrid
versions. the coefficients need simply to be quantized with
an appropriate number of bitsIsamp.le au4 tbea eatropy
coded if desim Spread specuuiil can ati1l be used so
as to have two dm=sholds for the coefficieots; the tIRe
thtesholds for the data 1bat is b:8DSmitted digitally in the
hybrid version are uncbanged. The main effect of using
all-digital transmission is that the channel is used less
effectively so that somewhat higher CNR is needed in an
analog channel for the same picture quality. On the other
hand, full digital representation may have some advantages,
such as allowing the use of digital VCR's.

IV CONClUSIONS

We.' have analyzed the performance factors of an ad
';meed television system for terrestrial broadcasting in

r!" { JS ttnt are required to maximize its acceptability
! I·e v;ujnllS sLlkeholdel'o 'Ille latter include regulators,
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2 0.20 Its 0 deg 0 dB
3 0.28 liS ~ ISO deg 22 dB
4 0.35 ps '!'. ISO deg 17 dB
5 O.so ps 180 deg , 22 dB
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These are the seven coUec:tions of ecboes used in the AlTC"iests of the a11-4igital systems. The Zeaidl system suffered about a 2.5 dB inaease in
threshold, averages over all seven collections. The test shown in F~. 10 used only Collection D, wbicb we judged to be the worst.

broadcasters., equipment manufacturers, program producers,
and the viewing public. The factors that emerge as most
important are spectrum efficiency. coverage versus quality,
cost. interoperability, and the existence of an acceptable
transition scenario. As a result of Ibis analysis, we find
that existing proposals do not~ all che requirements,
and so we have proposed an altaDative. The latter makes
use ofhybrid analogldigital tnmsmission toge1bec with joint
souroe and cbannd c:oding. It provides several levels of
quality according to receiva: cost and signal conditions and
supports single-frequency operation. A simple receiva: can
be used for the lowest level of quality, and omnidirectional
antennas can be used in most locations.

APPENDIX

MISCONCEPTIONS ABOUT DlGrrAL BROADCASTING

Digital processing has many well known advantages over
analog processing. For this reason, digital signal processing
is already widely llsed in the TV studio. Digital videc!
tape recorders are now common and, of course, a lligitai
signal representation is needed 1O utilize these lilac limn
fllcn' IS at,,) IlO dOll))l Ih:11 <\\~'iul source codini' IS !,"per !'

to analog source coding. For this reason. all the earlier
proposed HOTV systems. including MUSE" which uses
analog channel coding. use digital sowce coding. The real
issue is whether aU-digital tmnsmisMn is required in order
to achieve the high coIl1p1'tSSion ratios made possible by
digital source coding. The answer is no, as evidenCed
by the hybrid system desaibed above in Section ill-D.
Hybrid traDsmissioo. permits~ compaable to
that attainaNc wi1b digital tnmsmlssiaa. At the SlIDe1ime. it
permits beUa: udJiurion of the trIDsIDissioa capICity of the
te1reStriaI.broadcasting cbanne1, wbicb, after an. is Puniy
analog. This and othel' aspects of digital transmission are
discussed in the following paragraphs.

A. Utilization of Channel Capacity

1lris is not an ell.5y subject to address, since there are
so many variables and so many differences in the func
tional characteristics of digital and analog systems. This
discussion is, therefore. open to varying interpretations.

An analog HDTV video signal, such as that of the NHK
studio" system, has a bandwidth of about 32 MHz_ To fn

rhis within an analog 6-MHz channel requires a bandwidtb
Hnprcsslon ratio of <;3 Narrow MUSF :\tlains a ratio oj



35 For this example, we take a digital system of resolution 720)< 12kl

x 60 fps progressively scanned, with the chrominance resolutlOn V" ,,'

half the luminance resolution in both directions, 'The compressed d;lla 1;'/'

IS Ihat of the AT&TfZenith system. '111e inefficiency comes from m:".
sources, irn.Juding transmission at k~s (han the Shannon t~H(", tw;n-v ,'I"

coneclion. TllOI'(" audio data, and, pcrh:'p' "lev, Cn;,C'll~!11 lk c , Ill"'

~hc fUlld:nllcnl:ll linage lnfnr1l1:111'ln

10~

10....

l6When we speak of the "transmission rate" of an analog signal,
we must also give an error criterion. A good example would be the
case discuso;ed above where a comparison was made between Narrow
MUSE and an all-digital system. in which the analog transmission in the
nOIsy channel produced pictures of about the same quality as the digital
lransmission

-'11,is argumem is not confined to simple hard·<kosion de.oxlers, It
al'l""" equally to fl1Dre sophisticated schemes in "'chich, "I rhe final
dr'Clsion lev,:l. .a choice is made as to which IT1Cssag'- was '\lost likely to
f b{'~'rt '~('m. j',1vcn the re~~ei\'("~1 SI~l,ILll ;md, P'\'dU1" <J)lIJ,' ~ 1l')\l,'1cd}'('

( 1,\; i III' i (1;'1 ;',c1l't i\tlC

B. Noise and Interference Rejection

It appears that journalists writing about the "digital
revolution" have a vision of distinct ones and zeros (pulses
and no pulses) traveling through a channel and being
cleaned up by clipping out the noise after reception. Of
course, this is not the case in broadcasting. In order to
achieve a transmission rate anywhere near the theoretical
capacity, large numbers of successive bits must be coded
together, complex analog waveforms must be used to
represent the blocks of data. and extensive error correction
must be used.

Even some of those who do understand the technology
persist in making the unqualified statement that digital
transmission is more resistant to noise than is analog.
This is misleading, since it is only true if the attempted
transmission rate is far below the channel capacity. The
quantization noise introdu<:ed by digital transmission is
always larger than the noise that can mIdi1y be clipped out.
For a valid comparison. the transmissioD rates of Ihe digital
and analog systems must,be equat Itbas DeVa' been proven.
and probably is not true, tbat fOt a gMn ClUSmission rate
in a cbannel of given capacity, digital transDJissjon is more
resistant to noise than analog.36

Noise rejection by clippIDg37 is confined to applications
in which the transmission rate is weD below the channel
capacity. In proposed digital cable systems, many programs
are to be transmitted on one wire at rates as close to the
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4:1 by reduction in diagonal resolution together with a kind
of tempcnl interlace. the latter being made acceptable by
motion~veinterpolation. The balance of the required
compression ratio is achieved by reduction in vertical
resolution to 750 lines. Digital systems of comparable
pictwe and sound quality to that of Narrow MUSE, on
the otbec hand. have an uncoded data rate of more than
600 MbIs, and use about 17 Mbls for CQded video in
~.cbannel.35 for a co~ion ratio of about 40. Since
digital systems are &!Signed to operate ,with a threshold
CNR of about 16 dB, while Narrow MUSE needs about 40
dB, a valid comparison must use a digital channel coder
reconfigured to have a threshold of 40 dB. That mises
the transmission rate by a factor of 40116, or 2.5. In that
case. the digital soun::e coder would need a compression
factor of 16, rather than 40. This can be compared with the
value of just 5.3, as needed by an analog system of about
the same quality. This comparison between bandwidth
compression in an analog system and data compression
ratio in a digital system is valid because the noise on
the uncompressed analog video bas the same effect as
cbannelllOise in ihe kind of coding system used in Narrow
MUSE. The mtio 1615.3 is tberefOle a measure of the
ineftideacy of digital tnmsmission in the analog channel.
77uts dlgItall1rlllsntiniora is less, not more, efficient than
analog tnInsmission in this CQSe. Furthermore. at receiving
points where the CNR threshold for digital transmission
is exceeded, and where the analog system is capable of
effective gtiHzation of the additional channel capacity by
producing better pictures, the performances of the two kinds
of systems diverge even more. Fmally, the analog system
preserves usable service at CNR's that cause the all-digi1:l 1

schemes to fail entirely.

F1&- 9. C1toMd D«oder. The decoder is the inverse of the
GIcoda'... b c:bIIIDc:l ........- The frequeac:y response
of cbe~ is adlt''*'''! .:oIllilMwasly. The estimate is used in
cbe diIitaI~. cbe aror~ moduJes. and the
lpleIlkpe "uw clemocMltor. The m:overed ualog and digital
data~ feci CO cbe IOUl'CC decoder CO recoosttue:t the image.

SCIlREIIlFR AIlVANCFll TF11VISII)N ',Y-lIHS FOP '!ll!RI\TPL\/ 1\1', 1\ v "



channel capacity as practical and witli good cnol COITcctHlJ]

To use repealers in thaI case, complclc rkillodulal1on

decoding to a baseband digital data stream, and rccoding
would be required at every repeater, a procedure that

would be impossibly expensive. In any event, the ability
to regenerate digital signals many times in a long series
of repeaters with simple reshaping and negligible effect on
the BER. which might be applicable to some kinds of long
distance relaying applications, is not relevant to terrestrial
broadcasting, where repeaters are not used.

C. Multipath Rejection

One does DOt see ghosts in digital television pictures, and
perhaps this is Che reason why some observers have come
to believe that digital transmission suppresses ghosts. In
fact, the p:eseIlCC ofghOsts, even of ratbe:r small amplitude,
IBises the BBR 10 such a degree that d4Ptal transmission be
comes impossible. Ghosts mustfirst be TmlQVed in order to
permit digital~sion at any useful rate. This is done
by some kind ofequalization, as discussed in Section m-e.
IronicaJlY. should an analog channel be properly equalized.
then analog transrrllssion will give greatly improved picture
quality. To some extent, this will be done with the «ghost
eliminators" that have been developed for NTSC [37].
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